Pulmonary obstruction occurs in many common forms of congenital heart disease. In this study, pulmonary artery (PA) banding is used as a model for pulmonary stenosis. Significant remodeling of the vascular bed occurs as a result of a prolonged narrowing of the PAs, and here we quantify the biophysical and molecular changes proximal and distal to the obstruction. Main and branch PAs are harvested from banded and sham rabbits and their mechanical properties are assessed using a biaxial tensile tester. Measurements defined as initial and stiff slopes are taken, assuming a linear region at the start and end of the J-shaped stress-strain curves, along with a transitional knee point. Collagen, elastin assays, Movat's pentachrome staining, and Doppler protocols are used to quantify biochemical, structural, and physiological differences. The banded main PAs have significantly greater initial slopes while banded branch PAs have lower initial slopes; however, this change in mechanical behavior cannot be explained by the assay results as the elastin content in both main and branch PAs is not significantly different. The stiff slopes of the banded main PAs are higher, which is attributed to the significantly greater amounts of insoluble collagen. Shifting of the knee points reveals a decreased toe region in the main PAs but an opposite trend in the branch PAs. The histology results show a loss of integrity of the media, increase in ground substance, and dispersion of collagen in the banded tissue samples. This indicates other structural changes could have led to the mechanical differences in banded and normal tissue.
Introduction
Pulmonary stenosis makes up approximately 10% of congenital heart defects and plays a role in many other congenital heart defects as well [1, 2] . Characterized by a thickened pulmonary valve or narrowing of the pulmonary arteries, pulmonary stenosis results in increased myocardial work, dilation of coronary arteries, narrowed pulmonary arteries, and decreased blood flow to the lungs [3, 4] . To study this important component of congenital heart defects, previous studies have used PA banding as a model for pulmonary stenosis. PA banding involves forming an obstruction of pulmonary blood flow by placing a temporary restricting band around the PA. The pressure gradient from the obstruction causes many of the same symptoms that are due to pulmonary stenosis [5] [6] [7] .
While using PA banding as a model for pulmonary stenosis is well established, there are lack of studies that investigate the remodeling in the artery as a result of the formation of a pressure gradient. Several previous studies have investigated the changes in the right ventricle (RV), such as free wall thickness and cardiac fibrosis [8, 9] , while others have studied how specific isozymes contribute to cardiac remodeling [10] . In clinical situations, pulmonary stenosis can create a pressure gradient in the artery of around 20-60 mm Hg, and blood flow becomes turbulent distal to a stenosis [11, 12] . It is commonly accepted that arteries remodel as a result of injury, disease, and changes in pressure/blood flow conditions. In the pulmonary circulation, hypertension has been shown to increase wall thickness and change artery composition and stiffness [13] . In systemic arteries, hypertension, aging, and diabetes can lead to structural remodeling in the form of increases in media thickness, extracellular matrix (ECM) components, collagen/elastin ratio, and changes in the structure of the elastic lamina [14] [15] [16] [17] . Differences in the relative area of intima/media/ adventitia, increased deposition of ECM and smooth muscle cells (SMCs), and disruption of the internal elastic lamina occur in carotid and coronary arteries as a result of changes in blood flow [18, 19] . Due to the change in pressure and blood flow in the artery after introducing a pulmonary obstruction via PA banding, it is expected that there should be structural and mechanical changes in the artery.
The goal of this study is to understand the role of microstructural components in vascular remodeling by quantifying the changes in ECM structure after an obstruction and correlating these changes with the mechanical function of PAs. This information is important to unraveling the underlying key mechanisms of vascular remodeling and developing advanced mechanobiological constitutive models that integrate quantitative information of vascular biology, structure, and biomechanics. To this end, we studied the mechanical and biochemical changes both proximal (main PAs) and distal (branch PAs) to the obstruction after PA banding. Biaxial tensile testing was used to characterize the mechanical behavior of arteries. Collagen and elastin assays were performed for the quantification of biochemical changes in the ECM. Histology studies using Movat's pentachrome stain were used to examine changes in artery structure, and a pulsed Doppler technique was used to measure flow waves. Here we seek to relate the change in the mechanical properties of arteries with possible changes in microstructure and ECM components.
Materials and Methods
Pulmonary Artery Banding. The protocols used in this study were approved by the Institutional Animal Care and Use Committee at Children's Hospital Boston, and followed current NIH and American Physiologic Society guidelines. Main PAs in New Zealand white rabbits were banded as previously described [20] . Briefly, eleven rabbits at the age of 10-14 days weighing 1766 41 g were anesthetized with intramuscular injections of ketamine (50 mg/kg) and xylazine (2 mg/kg). After bupivacaine (0.1 mL) was injected subcutaneously, a left thoracotomy was performed through the third intercostal space. After the pericardium was incised, the main PA was isolated and banded with a 2-0 non-absorbable suture to constrict it by 20% of its diameter. The chest cavity was closed by suturing the adjacent ribs together with a 3-0 suture. Air in the left chest was removed using a syringe with a 20-gauge catheter to complete expansion of the lungs. The chest and skin incisions were then closed with a 4-0 suture. Eleven rabbits were used for sham-operated controls (sham) and underwent an identical procedure except for the banding. Buprenorphine (0.01 to 0.05 mg/kg) was administered for pain immediately post operation or as needed.
Estimation of Pulmonary Artery Pressure by Doppler
Echocardiography. Transthoracic echocardiography was performed at 8 weeks after surgery. The rabbits were sedated with intramuscular injection of ketamine (50 mg/kg) and xylazine (2 mg/kg). Doppler examination was performed with a commercially available echocardiograph (Philips Sonos 7500) utilizing a combined 2.25 MHz cross-sectional imaging/Doppler transducer. In the present study, the right ventricular systolic pressure was considered to be equivalent to pulmonary artery systolic pressure proximal to the binding site, although there are limitations to assessing PA pressure based on tricuspid regurgitation velocities [21] . Right ventricular systolic pressure was estimated when the tricuspid regurgitation was present, and color flow mapping was performed in multiple views to detect the presence of the tricuspid regurgitation. In the banded animals (n ¼ 11), all had moderate to severe tricuspid regurgitation. Of the sham animals (n ¼ 11), four had mild tricuspid regurgitation, and none was detectable in the others. A flow signal with the maximum spectral representation of high velocities and the Doppler cursor crossing the right chambers (specifically not encroaching on the region of aortic outflow or left atrium) was recorded. The detected flow signal was examined by continuous-wave Doppler imaging, and a view providing the most complete flow envelopes and the highest peak velocity was selected. The peak right systolic pressure gradient was calculated from the highest peak velocity using the modified Bernoulli equation [22] . Right ventricular systolic pressure was calculated as the sum of the peak right systolic pressure gradient and the estimated right atrial pressure, which was assumed to be 10 mm Hg based on values from healthy infant rabbits [23, 24] .
Vessel Collection. The animals (sham weighing 2.20 6 0.17 kg, banded weighing 2.10 6 0.16 kg) were deeply anesthetized at 8 weeks after banding (10 weeks of age) with an intravenous injection of ketamine (100 mg/kg) and xylazine (5 mg/kg) via the marginal ear vein. The hearts were isolated and perfused in the Langendorff mode (Figs. 1(a) and 1(b) ) as described previously [20] . Subsequently, the pulmonary arteries were separated from the heart and lungs and kept on ice. Vessels were then rinsed with de-ionized water and loose connective/fatty tissue was removed (Figs. 1(c) and 1(d) ). The arteries were cut so an 10 mm square sample was obtained from both the main and extralobar branch PAs. Samples were obtained from sham animals at similar regions. The squares were cut so one edge was parallel to the longitude of the artery while the other edge was parallel to the circumference of the artery. The thickness of each sample was measured at several locations with a pocket dial thickness gauge, and then the measurements were averaged. All main PAs from the 11 banded and 11 sham rabbits were successfully tested. Only seven branch PAs from banded rabbits and six branch PAs from the sham rabbits were tested successfully. The rest of the branch PAs failed mechanical testing due to their smaller size (7 mm per side) and thickness (0.2 mm). All the testing was performed within 24 h of harvesting.
Mechanical Testing. The biaxial tensile testing device had been previously used in many studies of soft tissue mechanics [25] [26] [27] [28] . The edges of the tissue samples were connected to sandpaper tabs with cyanoacrylate glue (Elmer's Products, Ohio) and connected to the linear positioners with sutures. Samples remain in a bath of 1 x phosphate buffered saline solution (Fisher Scientific, Massachusetts) during mechanical testing. A load control protocol was implemented with a LabVIEW program, and load cells aligned with the two axes of movement. A small preload (2 6 0.050 g) was applied in order to straighten the sutures connecting the tissue to the device. Initially each sample was put through a series of preconditioning cycles in which the sample was loaded in both directions to a 10 g load for branch PAs and 15 g load for main PAs. Eight cycles of equi-biaxial loads of 20-35 g to branch PAs and 45-75 g to main PAs were applied to study the anisotropic mechanical behavior of PAs. Maximum loads were chosen in order to recruit collagen fibers in the tissue and to fully capture the hyperelastic behavior of the arteries. However, the maximum loads were kept low enough so that tissue was not permanently damaged over the eight cycles. Data used for the analysis was collected from the eighth trial when the stress-strain curves had become stable. The displacement of four marker dots on the tissue was tracked with a CCD camera at 7-8 Hz to measure the strain as a result of the applied loads.
Stress-Strain Calculations. To calculate the stresses in the tissue, several assumptions were made. Because the thickness of the samples was much smaller than the length and width, a plane stress situation was assumed. In addition, the arteries were assumed to be incompressible [29] so the volume of the sample was considered to be conserved during the loading and unloading process. With these two assumptions, the Cauchy stress (load/deformed area) was determined using initial tissue dimensions and the load and stretch data from the biaxial testing device.
In Equation 1, r is the Cauchy stress, F is the applied load, k is the stretch, L o is the initial length, and t is the original thickness of the tissue. The subscripts 1s and 2s indicate the longitudinal and circumferential directions of the tissue, respectively. Logarithm strain (the natural logarithm of stretch) was used along with the Cauchy stress to describe the mechanical behavior of PAs [30] . In order to compare the stress strain curves, a linear region at the beginning section of the stress-strain curve was assumed, and the slope of this region ( Fig. 6(a) ) was defined as the "initial slope." The maximum slope of the stress-strain curve was generally reached when the tissue was experiencing peak loads, and this was defined as the "stiff slope" (Fig. 6(a) ) and was used for comparisons between banded and sham groups. The linearization of the initial and stiff regions was similar to what was done in previous literature [14, [31] [32] [33] . In this study, the initial slope was consistently taken to include data points of slightly less than half of the total strain of the stress strain curve. For the stiff slope, we linearized a set of data recorded at the end of the loading cycle to approximate the stiff region of the curve without including the transition region. Also in Fig. 6(a) are the "knee points" of the circumferential and longitudinal directions. The knee point strain was determined by fitting the stress-strain curve with a 6 th order polynomial. After finding the local maximum in the curvature, the strain corresponding to the local maximum in curvature was defined as the "knee strain". The "knee stress" was found from the polynomial fit of the stress-strain curve [34] .
Collagen and Elastin Assays. After mechanical testing, tissues were divided into smaller pieces for collagen and elastin assays. The amounts of salt soluble, pepsin soluble, and insoluble collagen were determined following the extraction procedures described in detail by Reddy [35] . After separating the volumes of different types of collagen, the samples were analyzed using a Sircol collagen assay kit following manufacture instructions (Biocolor). The Sircol collagen kit uses a quantitative dye-binding method that allowed for the determination of amounts of soluble and insoluble collagen. Absorbance was measured using a SpectraMax M5 plate reader (Molecular Devices) at a 540 nm wavelength and collagen content was expressed as ug of collagen/ mg of wet tissue weight.
Elastin content in main and branch PAs was measured using Fastin elastin assay kit (Biocolor Ltd., Northern Ireland). Following manufacture's protocols, our assays measured soluble tropoelastins and insoluble elastin that was solubilized into a-elastin polypeptides. The optical density was measured at 513 nm using the microplate reader. Elastin content was expressed as ug of elastin/mg of wet tissue weight.
Histology Studies. Movat's pentachrome stain was used to identify differences in collagen, elastin, and ground substance in tissue [36, 37] . Tissue samples were fixed in 10% formalin buffer and then embedded in paraffin. The tissue sample was then cut into 6 um cross-sectional slices for optical microscopy to view changes in the structure of the arteries in sham and banded animals.
Statistical Analysis. Experimental data were analyzed using a two-way mixed model factorial analysis of variance (ANOVA), where treatment (band or sham) and location (main or branch) were the two factors, and initial slope, stiff slope, knee stress, knee strain, amounts of collagen, and amounts of elastin in the samples were the dependent variables [38] . A two-tailed value of p < 0.05 was considered statistically significant with post hoc testing done using the Fisher least significant difference (LSD) procedure. Results in the text were expressed as mean 6 SD. In addition, Pearson correlation analyses were performed to determine the correlations between the stiff slopes in the main PAs with the total and cross-linked collagen. Statistical analysis was performed using the SPSS software package (version 18.0, SPSS Inc./IBM, Chicago, IL) and the JMP software (version 9.0.1, SAS Institute Inc., Cary, NC).
Results
Wave Velocity and Estimated Pressure. Representative Doppler waves are presented in Fig. 2 with the velocity trace in m/s. The peak velocity in the sham animals is 0.75 6 0.13 m/s while banded animals have a peak velocity of 2.67 6 0.28 m/s. The waveform tracings suggest that the "flow packet" has a longer pressure decay time in banded animals than in sham animals. In addition, the majority of the blood flow occurs during the middle region of the systolic phase in banded animals. The sham animals have the majority of blood flow during the initial period of the systole, and then the flow decreases rapidly. As estimated from the peak velocity, eight weeks after surgery the pressure in the main PAs of the sham rabbits is 12.3 6 2.2 mm Hg and 48.7 6 3.3 mm Hg in the banded rabbits.
Structural Changes. The main PAs experience higher pressures due to the banding and become thicker after remodeling. As shown in Fig. 3 , the banded main PAs have a significant increase in thickness compared to sham main PAs. The thicknesses of the branch PAs are not significantly different as a result of banding. Our histology studies show a loss of integrity of the media, increase in ground substance, and dispersion of collagen (Figs. 4  and 5) . It was noted that the presence of collagen, especially in the medial layer, can be obscured by the presence of elastin/cells that are stained with a much darker color. The sham animals have a very distinct media layer composed of concentric rings of smooth muscle cells (red) and elastic lamina (black). The adventitia layer forms a clear outer wall of the artery and is composed of mostly irregularly arranged collagen bundles (yellow) in the sham animals. In the banded animals, there is deposition of elastic fibers between the concentric layers of elastic lamina as well as loss of a clear division between the media and adventitia. In addition, in the media of both the main and branch sections of sham PAs, the concentric layers of smooth muscle cells are generally evenly spaced and the boundaries for each concentric layer are clearly separated by the elastic lamellae layers. On the contrary, the banded PAs appear to have more elastic fiber deposition within the layers of smooth muscle cells that cause the concentric layers to appear interconnected. There is also more ground substance (blue) mixed in with the smooth muscle cell layers in the media of the band main PAs.
Mechanical Changes. Figure 6(a) shows a representative set of stress-strain curves with the definition of slopes and knee points in the circumferential (C) and longitudinal (L) directions. Figures  6(b) and 6(c) show example plots from the main and branch regions, respectively. In both the main and branch PAs, there is anisotropic behavior with the circumferential directions being stiffer than the longitudinal directions.
In Fig. 7(a) are the initial slopes from the sham and banded arteries. Compared to the sham animals, the banded main PAs show a significant increase of slope in both the longitudinal and circumferential directions; however, the banded branch PAs show a significant decrease of slope in both directions. In Fig. 7(b) are the stiff slopes from the sham and banded PAs. For the banded main PAs, there is a significant increase in the longitudinal and circumferential direction stiff slopes. The banded PAs appear to 
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Transactions of the ASME have increased stiff slopes in the longitudinal and circumferential directions when compared to the sham branch PAs, but the differences in the stiff slope of the branch PAs are not significant. The banded main PA knee points on the left panel of Fig. 8 (a) show a shift to a lower strain and higher stress in both longitudinal and circumferential directions compared to the sham main PA knee points. The right panel of Fig. 8(a) shows the shift in the branch PA knee points, and in banded groups there is an increase in strain with no change in stress. Quantitative comparisons of the shifts in the knee point stresses and strains are shown in Fig. 8(b) . In the longitudinal and circumferential directions, the knee stresses increase significantly in the main PAs. The changes in the branch PA knee stresses are not significant. Also in Fig. 8(b) , the longitudinal and circumferential knee strains decrease in the main PAs and increase in the branch PAs. A summary of the mechanical properties of the banded and sham PAs is presented in Table 1 .
Biochemical Changes. In Fig. 9 are the results from the collagen assay where the soluble, insoluble, and total collagen are displayed. The soluble collagen is the sum of the salt and pepsin soluble collagen measurements. The total collagen is calculated by adding the soluble collagen with the insoluble collagen. In the main PAs, there is a significant increase in the amount of insoluble collagen in the banded groups (P ¼ 0.014). In the branch PAs, there is a significant increase in the amount of pepsin soluble collagen in the banded groups (P ¼< 0.001). With banding, there is a significant increase in the total collagen in both the branch and main PAs (P < 0.001 and P ¼ 0.025, respectively). A difference between the main and branch PAs is that in the main PAs, the greater amount of total collagen is caused by increased levels of insoluble collagen. In the branch artery tissue, the increase in total collagen is due to higher levels of soluble collagen (P < 0.001). The percent of cross-linked collagen is determined by dividing the amount of insoluble collagen by the total amount of collagen [35] . There is a significant increase in the percent of cross-linked collagen in the banded main PAs (from 33.9 6 2.7% to 45.1 6 6.8%, P ¼ 0.012). The trend of decreasing percent of collagen crosslinking in the banded branch PAs is not significant (from 45.6 6 6.3% to 41.2 6 7.1%, P ¼ 0.398).
There are no significant changes in the contents of total elastin between sham and banded groups in either the main (124 6 37.6 lg/mg versus 148.2 6 42.2 lg/mg, P ¼ 0.432) or branch (146.2 6 93.2 lg/mg versus 138.5 6 67.2 lg/mg, P ¼ 0.796) PAs. All values are reported as ug of elastin per mg of wet tissue weight. 
Discussion
The main PAs experience higher pressures due to banding and become thicker after remodeling. This change in vessel size occurs similarly in the pulmonary arteries of hypertensive mice [13] as well as in the carotid arteries in human subjects with systemic hypertension [39] . Loss of integrity of the media is reported by previous studies on pulmonary and essential hypertension [37, 40] . Increase in ground substance and the dispersion of the collagen in the main PA is found as a result of atherosclerosis and hypertension [41, 42] . In addition to these structural alterations, elastin and collagen content will be discussed in relation to the changes in mechanical properties.
In the complex structure of an artery, the majority of the passive mechanical behavior is due to the collagen and elastin network while the SMCs provide the active contraction to facilitate blood flow [43, 44] . In the initial region of loading, the elastin fibers bear the majority of the load and later the collagen fibers support the load in the stiff region [45, 46] . The initial and stiff slopes are obtained with a goal of assessing the stiffness when elastin is the major load-bearing element, and after the strain stiffening when collagen fibers are recruited, respectively. Such information will allow us to begin to establish correlations between the structural and biomechanical changes in the PAs. With the current loading range and the thinness of the rabbit samples, the stressstrain curve reaches the stiffened region for each sample. The stiff slope is obtained in the stiffened region where the stress-strain relationship is relatively linear to minimize the effect of peak stress/strain on slope. However, due to sample-to-sample variations, the strain stiffening can happen over a wide range of strains [46] . It is also noted that the samples may reach different peak stresses/strains due to varying sample thickness, which may lead to comparing stress-strain slopes that occur over different strain ranges.
Our results show changes in the initial slopes of banded animals ( Fig. 7(a) ) without noticeable differences in elastin concentration. Other studies have also found that there is not a significant change in elastin content as a result hypertensive conditions on arteries [13, 15, 42] . While the total elastin content is unchanged, a possible cause for the differences of initial slope could be other modifications of the elastin network such as amount of cross-linking. Cross-linked elastin can be determined by measuring the amount of amino acids desmosines (DES) and isodesmosines (isoDES). Previous studies report an increase in cross-linking in the elastin network is correlated with an increase in the stiffness of tissue [47, 48] .
The stiff slope is defined in the region of the stress-strain curve where the collagen fibers have been mostly straightened and are supporting the load [46] . In the banded main PAs, there is an increase in stiff slope (Fig. 7(b) ), total collagen, and cross-linked collagen compared to sham main PAs. With an increase in total collagen, various soft tissues display an increase in stiffness [32, 49, 50] . It also has been reported that when the collagen network is more cross-linked there is an increase in stiffness of the tissue [33, 47, 48] , which coincides with our results for the main PAs. In the banded branch PAs, there is a significant increase in soluble and total collagen (Fig. 9) . However, the change of the stiff slope (Fig. 7(b) ) and percent of cross-linked collagen (Fig. 9) is not significant. The amount of insoluble and soluble collagen has been shown to affect the stiffness of the tendon in an opposite way [51] . We further plotted the correlations between the stiff slopes of MPA and the total and cross-linked collagen. Figure  10 (a) shows that there is not a significant correlation between total collagen and stiff slope in either the circumferential (P ¼ 0.21) or the longitudinal direction (P ¼ 0.16). The correlation between collagen cross-linking and the stiff slope is significant in the circumferential direction (P ¼ 0.003), but not in the longitudinal direction (P ¼ 0.15) (Fig. 10(b) ). This correlation between the circumferential stiff slope and collagen cross-linking has not been shown before. Although the total collagen content increases in both main and branch banded PAs, our results suggest that the percent of cross-linked collagen is a more reliable factor in determining the behavior of the stiff slope.
The knee point gives an indication of when collagen starts becoming the primary load bearing ECM component in the PA. Shifting of the knee points to lower strains and higher stresses in the main PAs (Fig. 8) is similar to the changes in behavior of the arteries in spontaneously hypertensive rats (SHR) or hypoxiainduced hypertensive mice [13, 15, 52] . In those studies, there are increases in collagen levels without significant changes in the elastin content of the arteries, which leads to collagen recruitment at lower strain and an increase in stiffness [53] . This is confirmed by our biochemical assay results (Figs. 9) , and so the main PAs appear to be undergoing similar structural remodeling as occurs in previous animal models of hypertension.
In contrast, the knee points of branch PAs shift to higher knee strain with no significant change in knee stress as a result of banding (Fig. 8) . The shift of the branch knee points in this study is consistent with the decrease of initial slopes in the branch PAs. We expect that the changes in knee points should be due to combined effects of elastin and collagen ECM components in the artery. Unfortunately our current biochemical assay results are not sufficient to explain the right-ward shift of knee point strain for branch PAs. Although we did not find significant changes in elastin content, further biochemical studies on elastin cross-linking would be useful. Increased collagen deposition in arteries often coincides with calcium deposition in the ground substance, which can also affect the mechanical properties [40] . Obtaining such information should help better understand the structure-function remodeling in arteries.
While this study is focused on comparing the effects of the pulmonary obstruction between banded and sham groups, differences between the main and branch PAs are also evident from the data. In the sham animals, the branch PAs have significantly lower knee point stresses/strains compared to the main PAs as seen in Fig. 8(b) . Similarly, other studies have reported decreases in elasticity in human arteries as the location of testing becomes more distal to the heart [54] . Increases in collagen content, decreases in elastin content, and increases in the collagen/elastin ratio have also been previously reported as arteries become more distal to the heart [54, 55] . Our collagen assays show that the sham branch PAs have significantly higher amounts of total collagen compared to sham main PAs. However, elastin content is not significantly different between the sham branch and main PAs. Because of this, the collagen/elastin ratio in the branch PAs is higher than in the main PAs, which provides a logical explanation for the knee point shifts.
Conclusions
Our study intends to investigate the relationship between mechanical integrity, microstructure, and biochemical composition of the arterial wall. To the best of our knowledge, this is the first study that determines changes in the mechanical and biochemical properties of PAs as a result of obstruction induced pulmonary vascular remodeling. Histology studies reveal a loss of integrity of the media. As a result of arterial remodeling, the initial slopes increase in the main PAs but decrease in the branch PAs, which cannot be explained by the lack of changes in elastin content. The stiff slopes in the main PAs of the banded rabbits increase, and this is attributed to the increase in collagen cross-linking. Shifting of the knee points in the main PAs are attributed to changes in collagen. The biochemical and mechanical changes reported in this study are likely to provide a better understanding of arterial remodeling when a PA obstruction(s) exists and/or pressure-flow characteristics are similarly affected. Future studies quantifying elastin cross-linking and direct PA pressure measurements would be useful in further illuminating the structure-function changes in remodeled arteries. In addition, studies involving more time points and a debanding/recovery process would create a better model of the arterial changes that occur due to an obstruction and after a treatment in patients.
